Significant advances have recently occurred in the development of optical wavelength engineering (Modified Illumination, Phase Shifting Masks (PSMs), Spatial Filters) allowing the extension of Optical Lithography to 0.25 um design rules and below. This paper will discuss recent progress in the development of PSM technology for 0.25 um lithography using I-line or DUV exposure systems.
1,0 Introduction
With the continuing evolution of ULSI technology towards the 256 megabyte ( 0.25 uxn) and gigabit (0.18 v'tm) generations, the major technology driver has been Optical Lithography which has continually met the demands of minimum feature size and packing density required by the technology. This trend is expected to continue due to the lowest cost of ownership offered by Optical Lithography when compared to other technologies such as X-ray and E-beam lithography.
This continued push of Optical Lithography to ever decreasing feature size has been facilitated by advances in several assist technologies such as: (1) Modified Illumination (2) Phase Shifting Masks and (3) Advanced High Resolution Resists. Continued innovation in these assist technologies has allowed extension of Optical Lithography beyond its predicted (diffraction limited) resolution. In addition to the assist technologies, advances have also been made in exposure systems allowing higher numerical aperture (NA) lenses and smaller partial coherence to be achieved, thereby pushing Optical resolution ever further. Phase Shifting Mask (PSM) technology has been a major contributor in the advancement of Optical Lithography because of its unique advantages in being able to simultaneously improve both resolution and Depth of Focus independent of the exposure system wavelength or resist technology used. Significant improvements in resolution and Depth of Focus have been recently demonstrated with appropriate Phase Shifting Masks for both I-Line (365nm) and DUV (248nm) technologies. This paper will discuss the design construction and use of PSMs for both I-line and DUV exposure systems for achieving 0.25 urn design rules.
Performance
Requirements:
The achievement of a 0.25 urn lithography technology suitable for 256mb DRAM manufacture will J. Photopolym. Sci. Technol., Vol. 6, No.4, 1993 properly. An overview of the various technologies that are needed for this design and construction of Phase Shift Masks is shown in Figure 1 .
As can be seen from the figure, there are 4 basic stages for the PSM constructions. The first stage involved the selection of the binary design layout and selection of the appropriate features for phase shifting. In addition, the selection of the PS type is made at this stage. In the second stage, the PSM design conversion is carried out preferably using an automated design system. After conversion, the design is simulated for Optical Performance and any adjustments to the phase shifted geometries are made iteratively until the desired optical performance is achieved. The physical structures of the 6 PSM types using a subtractive process is shown in Figure 3 .
Here it can be seen that the Alternating type is asymmetric in the placement of the phase shifter while the Rim, Outrigger (or subresolution) and Attenuated types are all symmetric. Based on the performance and applicability to various feature types, the two most desirable PSM types are Alternating and Attenuated. Both of these PSM types have shown excellent performance at both Iline (365nm) and DUV (248nm) wavelengths. However, due to the wide flexibility and simplicity of the Attenuated PSM, it is expected to be used first for a wide variety of applications.
To explore the limits of resolution that can be achieved by using either the symmetric or asymmetric PSM types, Figure 4 lists the various possibilities for a number of K, factors determined using simulation for both I-line and DUV wavelengths.
Phase Mask Types 661
Here K, is the constant factor from the Raleigh equation.
As shown in the table in Fig. 4 , PS 1 refers to the symmetric phase shifter, such as, Attenuated while PS2 refers to a n asymmetric or frequency doubling phase shifter such as Alternating. From the table, it can be seen that both I-line and DUV can be used to achieve 0.25 un capability using the appropriate phase shift type. DOF versus EXPOSURE LATITUDE I-L1NE(w/AttPSM) vs DUV J. Photopolvm. Sci. Technol., 6, No. 4, 1993 The performance of Alternating PSM in combination with I-line for a variety of feature types is shown in Figure  6 .
The table in Fig. 6 compares the statistical optical performance of line/space gratings of various sizes in both X and Y orientations using both unshifted (binary) and phase shifted features with I-line exposure. The table shows the mean value of the critical dimension and the standard deviation. The line in the array is chosen to be in the center or at the edge to account for proximity effects.
It is seen from the table that at 0.25 un sizes the non-phase shifted lines did not print at all indicating that binary masks cannot be used at I-line for 0.25 urn . The phase shifted lines however
show mean values down to 0.16 nm in the center of the array with a standard deviation of better than 10% indicating that it is applicable to a 0.25 urn technology. Even for the line at the end of the array the minimum cd value of 0.18 nn is achieved with a standard deviation of about 11%.
Although the difference in cd between the center and the edge is due to proximity effect, they can be printed under a common exposure biasing. Hence, it is seen from the data that the combination of Iline with Alternating PSM provides the necessary statistical control of cd for a 0.25uxn patterning capability.
Summary
of Linewidth Uniformity Data 664 I Photopolym. Sci. Technol., Vol. 6, No.4, 1993 The performance of Attenuated PSM is better than Alternating for isolated geometries such as Windows (contacts) and isolated spaces. However, to achieve the performance necessary for a 0.25 um capability it must be used in conjunction with off-axis illumination (Annular source). Even though off-axis illumination is known to enhance density packed features, it also enhances the performance of isolated features such as isolated space. Thus, when used with negative tone resist, isolated lines down to 0.25 urn can be printed with Attenuated phase shift. The results are shown in Figure 7 for Attenuated PSM combined with I-line exposure for 3 different transmissions.
From the figure, it can be seen that isolated spaces can be printed with a Depth of Focus greater than 1.1 wnm using I-line steppers. WE have also obtained similar results with Isolated Bright Field lines.
However, the presence of off-axis illumination is necessary to achieve this performance. Hence, from the results presented above, it appears that a 0.25 urn capability can be achieved with either DUV alone or I-line combined with phase shift mask. The trade-offs are based on Exposure Latitude and process window desired for a given application. For situations where a high resolution resist or a surface imaging resist is available for I-line, the combination of I-line with either Alternating or Attenuated PSM provide a higher Depth of Focus than DUV (248nm) alone.
CD versus Focus
Isolated Spaces/Off-Axis Illumination 665 J. Photopolvm. Sc7. Technol., Vol. 6, No.4, 1993 However, for situations involving a single layer resist system with a wide exposure latitude (>20%) it appears that DUV (248nm) would be a better choice.
Hence, in order to compare the performance of PSMs with both I-line and DUV steppers, Figure 8 has a Technol., Vol. 6, No. 4, 1993 5.0 Summary This paper has presented a short review of the consideration that enter into the design and fabrication of phase shifting masks for 0.25 tm Optical Lithography. The results presented suggest that both Iline combined with PSM and DUV can be used for achieving a 0.25 tAxn patterning capability. The best choice is determined by a trade-off in cost of ownership, performance and lithography limited yield. More results in these areas are needed to accurately assess the proper choice. What can be concluded however, is that both I-line and DUV exposure systems will be needed to achieve the complete capability necessary for the 0.25 trm and essential for I-line to achieve 0.25 .tm and essential for DUV to achieve 0.18 wn resolutions needed for the 1 gigabit generation. For further reduction in minimum feature sizes it becomes necessary to consider n exposure systems. 
